Introduction
Interest in the origins of life on Earth has existed since humans were first able to ponder such a daunting question. Revelations 3 The RNA World Hypothesis suggests that Earth's history includes a period of time in which RNA or RNA-like molecules existed before DNA and protein molecules.
This method of thought solves a 'chicken or the egg' dilemma when attempting to determine which of the three information-containing molecules arose first. Between the options of DNA, RNA, or proteins, RNA is the only one able to both store genetic information and catalyze its own reproduction. DNA can store information but cannot catalyze reactions. Proteins can potentially catalyze reactions but cannot store the genetic information that dictates their structure. The catalytic ability of RNA lies within a single oxygen atom located at the second carbon (C2') of the ribose sugar, which partially constitutes both DNA and RNA monomers. In order for the RNA World Hypothesis to be a plausible scenario as to how life began on Earth, scientists must be able to show that RNA molecules are living, meaning they must be able to form a self-sustaining chemical system capable of evolution. Thus it must be shown that catalytic RNA molecules (ribozymes) can independently reproduce, while adapting to changes in the environment and changes in genome arising from error ultimately driving evolution towards greater complexity. Previous experiments have demonstrated how RNA molecules can interact in a primitive reproduction-like manner. 1 In these experiments, a group I intron (class of ribozyme) from the Azoarcus bacterium was split into four pieces denoted 'W', 'X', 'Y', and 'Z'. These fragments were then The experiments described above provide evidence that the RNA World
Hypothesis can meet the criteria of a self-sustaining chemical system, but the molecules must also be capable of evolution. When considering the RNA World, the notion of evolution implies that there must be variation in genotypes of the molecules present to make survival and evolution to the diversity of life seen today more likely. 
Methods
In order to be able to quantitatively determine the binding strength of each nucleotide pair combination, the recombination reaction cannot be allowed to take place.
The equilibrium constants of an autocatalytic recombination reaction cannot be determined by a classic Michaelis-Menten analysis, since the fragments that are recombined by a ribozyme becomes another ribozyme for other recombination reactions.
This autocatalytic process introduces more complexity into the concentration of ribozyme at any one point, making determining the strength of the 'MN' bond using the in vivo reaction quite difficult. 7 Hence, a modified but similar reaction was used to determine the binding strengths in terms of the dissociation constant (K d ), and ultimately the Gibbs free energy. A duplex was designed to mimic the 'WXY' and 'Z' fragments that are normally recombined by the fully formed ribozyme ( Figure 4 ). This duplex was carefully designed so as to affect the reaction dynamics as little as possible. Therefore, the sequence of nucleotides in the duplex binding region are the same as in the 'WXY' and 'Z' fragments, except for a few replacements of nucleotides with C and G. C and G were selectively added, as a higher frequency of these nucleotides increases the stability of a molecule at higher temperatures, such as the reaction conditions for these experiments. The duplex was also specifically designed to be much smaller than the ribozyme, so that a noticeable change in polarization could be observed in solution, it will move around very quickly as a smaller molecule; as a result, light traveling through the cuvette will be depolarized (scattered in various directions) by the small, rapidly moving molecule. However, if the duplex is bound to the ribozyme, the bound molecule being larger tumbles much more slowly in solution, allowing polarized light to pass through the cuvette, thus giving a higher polarization value. Because of the methodology by which FA works, it was notably important for the duplex to be significantly smaller than the ribozyme, so that a noticeable change in polarization will occur upon binding (this is not the case in the standard reaction, where sum of the fragments are the same length as the full ribozyme).
Experimental Procedures
The 'Y' and 'Z' fragments of the duplex ('Y' in the modified reaction is synonymous to 'WXY' in the standard reaction, but much shorter) were ordered separately from Integrated DNA Technologies (IDT). 'Y' and 'Z' were annealed by heating the fragments in solution together to 80 °C, and then allowing them to cool to 20 °C over the course of several hours. All FA experiments were performed at 48 °C. The reaction buffer used in these FA experiments was made from a 5x reaction buffer stock made of 500mM Mg 2+ and 150mM EPPS at pH 7.5, and was diluted to 1x as needed for experiments. These reaction conditions were chosen to match the conditions under which the in vivo self-assembly recombination reactions were observed. Fluorescence anisotropy experiments were performed on a PerkinElmer L5 SS Fluorescence Spectrometer using FL Win Lab, with the temperature maintained by a PE Temperature
Programmer. 150 µL 1x reaction buffer is dispensed into cuvette, allowed to heat, and 1 µL duplex is added. Ribozyme is then added in 1-2 µL increments, with at least four polarization values recorded for each addition, the average of which is used for graphing results. Binding plots were made with Kaleidagraph software.
All fully formed ribozymes used in these experiments were synthesized in a molecular evolution laboratory, with most prepared by in vitro transcription from DNA plasmid templates. Some pre-transcription DNA was synthesized using VATR (ventassisted template reconstruction). All RNAs were gel purified prior to FA experiments.
To provide a control, a ribozyme was also produced that contains no IGS sequence to observe in solution with a duplex using FA.
Three native gels were also run to explore the possibility of ribozyme aggregation at high concentrations of ribozyme in solution (> 10 µM). These gels were ran at 42 °C and 40 Watts in native 1x TBE buffer. Some native gel samples were mixed with a 5x reaction buffer consisting of 500 mM Mg 2+ and 150 mM EPPS; the same reaction buffer used in FA experiments. Other native gel samples were mixed with a reduced concentration magnesium reaction buffer consisting of 25 mM Mg 2+ and 150 mM EPPS, to see if a reduction in magnesium would prevent aggregation at higher ribozyme concentrations. Table 5 shows the experimentally determined rate constants and change in Gibbs free energy upon binding of the WXY and Z fragments whose 'M' and 'N' are denoted in the left column. It is important to note that a lowercase k a as seen in Table 5 indicates a rate constant, or the turnover number of a reaction, while an uppercase K a or K d indicates an association or dissociation constant respectively, associated with the equilibrium of a reaction. Thus, the extent of the correlation between the 'MN' combination and catalytic activity with the thermodynamic strength of the bond cannot be inferred from comparison between the predicted rate constants in Table 5 The autocatalytic rate constant prediction values in Table 5 are based on a simplification of the recombination system and thus do not take various binding efficiency details into account. 9, 10 The predicted Gibbs free energy values in Table 5 It is hypothesized that Watson-Crick pairs (CG, GC, AU, UA) would exhibit plots with the most distinct leveling-off in Figure 6a -d. This is because these binding pairs are the most thermodynamically favorable, and thus would most easily achieve a scenario in which all duplex molecules are bound to ribozymes. While this can be seen in both UA, AU and CG, no such behavior is observed for GC. Note that in Figure 6c , the genotypes This extension was done in an effort to determine if a leveling-off could be achieved at a To provide a control for all 16 genotype combination experiments, a ribozyme lacking an IGS was prepared to observe in the presence of a duplex. Since the binding From the determined average polarization value for each 1-2 µL addition of ribozyme, the anisotropy value can be determined from the formula A=(2P)/(3-P). The anisotropy value is plotted against ribozyme concentration to generate binding plots, using the formula y=m1+(m2-m1)*(m3*M0/(1+m3*M0)); where m1=anisotropy value when the concentration of ribozyme is zero, m2=estimated maximum anisotropy, and m3 Table 14 has the 16 genotype combinations listed in the same order as in Table 5 for comparative purposes. Recall that it is not expected that the predicted rate constants (k a ) will be the same as the experimental association constant (K a ) as these are not the same constant. combinations yielded a correlation coefficient of -0.743, which is considered to be statistically significant. 12 This indicates that while there is a distinguishable correlation between these values, the correlation itself is weak. This leads to the conclusion that the 'MN' combination is not the sole determinant of the thermodynamic strength of the bond, as the correlation coefficient would be stronger and thus closer to -1 if it were. A Spearman's test was also performed between the predicted Gibbs energy values in Table   5 and the determined Gibbs values in Table 14 , with the same 12 combinations. This test yielded a correlation coefficient of -0.458, indicating the two sets are not significantly associated. This reinforces the knowledge that the predicted values in Table 5 do not accurately represent the entirety of the ribozyme as the values only reflect the energy associated with hybridization between the IGS and tag.
Results & Discussion

Conclusion
In conclusion, all possible genotype combinations between a group I intron with the IGS 'GMG' and a duplex with the tag 'CNU' were observed using fluorescence anisotropy to determine the equilibrium constants of association (K a ) and dissociation (K d ), and Gibbs free energy of dissociation. This modified reaction was designed to mimic the recombination reactions of the Azoarcus group I intron, where the intron molecule can assemble itself from four fragments using recombination reactions in an autocatalytic fashion such that an assembled ribozyme can catalyze more recombination reactions. The experimentally determined equilibrium constants were found to be weakly It is concluded that while there is a significant correlation between the predicted rate constants of the recombination reaction and the dissociation constants of the modified reaction that several discrepancies in the correlation allude to higher-order molecular interactions occurring. The analysis of a ribozyme without an IGS yielding a low K d value confirms that tertiary interactions play a significant role in the ultimate K d and Gibbs free energy of each genotype combination. In future research, these possibilities of other molecular interactions will be addressed.
